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Edited by Julian SchroederAbstract Many phytopathogenic Cercospora species produce a
host-nonselective polyketide toxin, called cercosporin, whose
toxicity exclusively relies on the generation of reactive oxygen
species. Here, we describe a Cercospora nicotianae CTB4 gene
that encodes a putative membrane transporter and provide genet-
ic evidence to support its role in cercosporin accumulation. The
predicted CTB4 polypeptide has 12 transmembrane segments
with four conserved motifs and has considerable similarity to a
wide range of transporters belonging to the major facilitator
superfamily (MFS). Disruption of the CTB4 gene resulted in a
mutant that displayed a drastic reduction of cercosporin produc-
tion and accumulation of an unknown brown pigment. Cercospo-
rin was detected largely from fungal hyphae of ctb4 disruptants,
but not from the surrounding medium, suggesting that the mu-
tants were defective in both cercosporin biosynthesis and secre-
tion. Cercosporin puriﬁed from the ctb4 disruptants exhibited
toxicity to tobacco suspension cells, insigniﬁcantly diﬀerent from
wild-type, whereas the disruptants formed fewer lesions on tobac-
co leaves. The ctb4 null mutants retained normal resistance to
cercosporin and other singlet oxygen-generating photosensitiz-
ers, indistinguishable from the parental strain. Transformation
of a functional CTB4 clone into a ctb4 null mutant fully revived
cercosporin production. Thus, we propose that the CTB4 gene
encodes a putative MFS transporter responsible for secretion
and accumulation of cercosporin.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Cercosporin produced by many fungal species in the genus
of Cercospora is a host-nonselective, perylenequinone phyto-
toxin, and is required for full virulence on their hosts [1–3].
Once activated by light, cercosporin executes its toxicity by
generating reactive oxygen species, mainly singlet oxygen and*Corresponding author. Address: Citrus Research and Education
Center, Institute of Food and Agricultural Sciences (IFAS), University
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doi:10.1016/j.febslet.2007.01.011superoxides, which cause lipid peroxidation of cell membranes
and electrolyte leakage in plants [4–6].
Production of cercosporin by Cercospora spp. in culture is
regulated by many environmental and physiological factors
[7]. Light is the primary signal to trigger cercosporin biosyn-
thesis via a polyketide pathway [1–8]. Studies in our laboratory
on C. nicotianae identiﬁed several groups of fungal mutants
that are altered in cercosporin accumulation after restriction
enzyme-mediate integration (REMI) mutagenesis [9]. Subse-
quently, we isolated and characterized two closely linked
genes, CTB1 and CTB3, required for cercosporin biosynthesis
[10,11]. Biosynthesis of secondary metabolites in many ﬁla-
mentous fungi is often operated by a group of genes that reside
as a cluster in the genome [12,13]. Recently, we found that the
genes required for cercosporin biosynthesis and regulation are
also organized as a cluster, consisting of at least eight genes
(unpublished data). The CTB4 gene is located downstream
from the previously characterized CTB1 gene (encoding a
putative fungal polyketide synthase) and has amino acid simi-
larity to various major facilitate superfamily (MFS) transport-
ers.
Although expression of CTB4 coincides with cercosporin
production, the exact function of CTB4 in relation to cerco-
sporin biosynthesis remains to be determined. It is also uncer-
tain if the translational product of CTB4 would confer
resistance to cercosporin and other singlet oxygen-generating
compounds. Several studies indicated that genes similar to
ABC or MFS transporters presumably involved in toxin
exportation and self defense are also located in the biosyn-
thetic gene clusters [14–16]. In this report, we describe the func-
tion of CTB4 gene by characterizing the ctb4-disrupted
mutants to further understand the molecular basis of cercospo-
rin production in C. nicotianae. We also evaluate if the puta-
tive CTB4 transporter is involved in cercosporin resistance.2. Materials and methods
2.1. Fungal strains, media, cultural conditions, and toxin puriﬁcation
Cercospora nicotianae wild-type strain (ATCC18366) and disrup-
tants were cultured on complete medium (CM) [7]. Cercosporin is a
red pigment. Cercosporin-deﬁcient mutants were identiﬁed by the lack
of red pigmentation on potato dextrose agar (PDA, Difco, Detroit,
MI) plates [17]. Assays for sensitivity to photosensitizers (cercosporin,
eosin Y, hematoporphyrin, methylene blue, rose bengal, toluidine
blue) (Sigma–Aldrich, St. Louis, MO) were conducted as describedation of European Biochemical Societies.
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Fig. 1. Disruption of the CTB4 gene function using a split marker
strategy in Cercospora nicotianae. (A) Schematic describing an
overlapping hygromycin phosphotransferase B gene (HYG) marker
used for CTB4 disruption. DNA probe used for Southern-blot
hybridization and sizes of the hybridizing bands are also indicated.
(B) Southern-hybridization analysis of genomic DNA from wild-type
and six putative ctb4 knockouts (D4, D10, D11, D12, D13, D14).
Fungal DNA was digested with PstI, electrophoresed, transferred onto
a nylon membrane, and hybridized to a CTB4-speciﬁc probe.
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isolates were grown on a thin PDA plate with a layer of cellophane.
Cercosporin and other pigments were extracted with 5 N KOH or with
ethyl acetate from agar with or without mycelium, and quantiﬁed as
described previously [10,17].
2.2. Nucleic acid manipulations and probe labeling
Unless otherwise indicated, standard methods were used for manip-
ulation of nucleic acids, electrophoresis, and Southern- and Northern-
blot hybridizations. Plasmid DNA was propagated in Escherichia coli
strain DH5a, and was puriﬁed using a Wizard DNA puriﬁcation kit
(Promega Corp., Madison, WI). DNA probes used for hybridizations
were made by PCR with CTB4 gene-speciﬁc primers to incorporate a
digoxigenin-11-dUTP (Roche Applied Science, Indianapolis, IN) into
the DNA fragment. The conditions for hybridization, posthybridiza-
tion washing, and immunological detection of the probe were con-
ducted according to the manufacturer’s instructions (Roche Applied
Science). Automated DNA sequencing was done in both directions
at Eton Bioscience Inc. (San Diego, CA). Database searches and com-
parisons were performed at the National Center of Biotechnology
Information and ExPASy Molecular Biology servers. Protein sequence
alignments were performed with the ClustalW program [19]. Trans-
membrane sequences were predicted using the TMpred, PRED-
TMR2 statistical analysis (http://biophysics.biol.uoa.gr/), TOPPRED2
(http://bioweb.pasteur.fr/), and Kite-Doolittle hydropathy and
hydropholic cluster analysis (HCA) (http://smi.snv.jussieu.fr/hca/hca-
form.html) [20]. The CTB4 sequence has been deposited with the
EMBL/GenBank Database under accession number DQ991506.
2.3. Isolation of fungal DNA and RNA
Fungal DNA was extracted with a DNeasy Plant Mini kit (Qiagen,
Valencia, CA). RNA was isolated with TRIZOL reagent (Invitrogen,
Carlsbad, CA), and cDNA was synthesized with a BD SMART
PCR cDNA synthesis kit (Clontech, Palo Alto, CA) with CTB4-gene
speciﬁc primers.
2.4. Creation and genetic complementation of the ctb4 null mutant
The CTB4 disruption plasmid, pDctb4 (Fig. 1A), was constructed as
follows. A 3-kb DNA fragment containing the full-length CTB4 ORF
was ampliﬁed by PCR with primers MFS-1 (5 0-gcgaatggcaccaatggtgt-
ca-3 0) and MFS-2 (5 0-tcgtgcagagggagtttcctg-3 0). Two internal primers,
MFS-3 (5 0-ccgtgagcggatccagagtgcattc-3 0) and MFS-4 (5 0-gcaacc-
gatggatccggagcatcaa-30) incorporated with a BamHI restriction site,
were paired with MFS-1 and MFS-2 to amplify 0.7 and 1.0-kb frag-
ments, respectively. After being digested with BamHI, the PCR frag-
ments were ligated to a hygromycin phosphotransferase B gene
(HYG) cassette. A 3.3-kb fragment containing HYG ﬂanked by
CTB4 sequence at both sides was ampliﬁed from ligation mixture with
MFS-1 and MFS-2 primers and cloned into pGEM-T easy vector
(Promega) to produce pDctb4. PCR fragments overlapping within
the HYG marker were obtained by PCR from pDctb4 with primer
MFS-1 pairing with hyg4 (5 0-cgttgcaagaactgcctgaa -3 0) and MFS-2
pairing with hyg3 (5 0-ggatgcctccgctcgaagta-30), and directly trans-
formed into wild-type for gene disruption.
Genetic complementation was done by co-transforming the full-
length CTB4 gene cassette containing its endogenous promoter with
a pCB1532 plasmid [21, obtained from the Fungal Genetics Stock Cen-
ter] into protoplasts of the ctb4-D4 null mutant. Fungal protoplasts
were generated and transformed using polyethylene glycol (PEG)/
CaCl2 procedures as described previously [22].
2.5. Determination of chemical toxicity and fungal pathogenicity
Toxicity assays using tobacco cell suspensions were conducted as
previously described [11] with modiﬁcations. Cercosporin and other
pigments were extracted with ethyl acetate from agar plugs with myce-
lia, dried, re-dissolved in acetone, and added to the 6-day-old tobacco
cell suspensions (106 cells/ml). Cell cultures were incubated on a rotary
shaker at 32 C under ﬂuorescent lights at an intensity of 3.1 · 103 J/
cm2/s. Cell viability was determined after staining with Evan’s blue
dye (Sigma–Aldrich). Fungal inoculation was carried out on detached
tobacco leaves (cv. Burley 21) by rubbing with conidia suspension
(5 · 104 conidia/ml) to determine pathogenicity as previously described
[10]. Experiments were repeated three times with at least three repli-
cates.3. Results and discussion
Genomic sequence of CTB4 was identiﬁed by chromosome
walking downward from the previously described CTB1 gene
whose sequence resembles fungal polyketide synthases, and is
required for cercosporin biosynthesis [10]. Three introns of
48, 57 and 52 bp in sizes were identiﬁed in the 1696-bp ORF
of CTB4. Sequence analysis of 700 nucleotides upstream from
the predicated ATG start codon identiﬁed one potential TATA
box and one putative CAAT box.
The conceptually translated product of CTB4 contains 512
amino acids and has high degrees of amino acid similarity to
many hypothetical proteins, multidrug eﬄux pumps
(drug:H+-antiporters), and the major facilitator superfamily
3 (MFS) of various fungi and bacteria (data not shown). The
CTB4 also displays considerable similarity to several well char-
acterized bacterial 12-helix MFS transporters, such as the oxa-
late transporter (OXLT) of Oxalobacter formigenes (GenBank
accession number Q51330), the lactose permease (LACZ), and
the glycerol-3-phosphate transporter (GLPT) of Escherichia
coli (GenBank accession numbers AAA24054, P08194). The
chemical structures of these proteins have recently been
divulged by electron or X-ray crystallography [23–25]. Hydro-
phobic cluster analysis (HCA) by comparing CTB4, OXLT,
and GLPT sequences identiﬁed 12 putative transmembrane
segments (TMS) in the CTB4. Further analysis using various
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Fig. 2. Production of cercosporin by wild-type (WT) and ctb4
knockouts of Cercospora nicotianae. (A) Visualization of cercosporin
and other pigments accumulated on the agar plate. Fungal isolates
were grown on a thin potato dextrose agar under a high light intensity
for 5 days. (B) Fungal isolates were grown under a low light intensity,
indicating that the ctb4 disruptant no longer accumulated a brown
pigment. (C) Quantiﬁcation of cercosporin extracted with KOH from
wild-type, seven ctb4 knockouts and two complemented strains (C1,
C20). Values are the means of three experiments with ﬁve replicates of
each treatment. Chemical structure of cercosporin also is shown.
11     13     14                  4       10
ctb4-D ctb4-D
WT
A
WT  D4   D10   D11 WT  D4   D10  D11
Mycelium Agar medium
B
Fig. 3. TLC analysis of cercosporin (indicated by an arrow) produced
by wild-type and ctb4 knockouts. (A) Fungal isolates were grown on
thin potato dextrose agar (PDA) plates, and cercosporin was extracted
from a single agar plug cut from mycelial cultures with ethyl acetate.
(B) Fungal isolates were grown on a thin PDA with a layer of
cellophane for 5 days. Cercosporin was puriﬁed separately from fungal
hyphae and the underneath medium and analyzed by TLC. Note:
cercosporin puriﬁed from the ctb4 disruptants was concentrated 5-
fold.
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OXLT, LACZ, and GLPT also predicts 12 transmembrane
segments and helixes (data not shown). Computer analysis
identiﬁed an Asp-rich (DDDLD) motif and a Ser-rich
(SSGSASPPRS) motif in the N-terminus of CTB4. Both
motifs have been found in the CaMDR1 protein that confers
resistance to various drugs in Candida albicans [26]. In addi-
tion, many 12 TMS transporters have consensus motifs [27].
CTB4 has motif A: GPFSEAFGRTRPL (a.a.130–142), motif
B: ICILRFLGGFFGAA (a.a. 165–178), motif C: GPILG-
PLIGSVL (a.a. 210–221) and motif G: LFAAGPL (a.a. 456–
462), but not motif D (lgxxxxxPvxP). The conserved glycine
residues are underlined.
Targeted gene disruption was performed to determine the
function of CTB4 in C. nicotianae. Two DNA fragments con-
taining 5 0 CTB4 fused with 3 0 HYG and 5 0 HYG fused with 3 0
CTB4 (Fig. 1A) were ampliﬁed from the disruption construct,
pDctb4, and directly transformed into protoplasts of wild-type.
In total, 7 of 15 (47%) transformants recovered displayed
alternation in pigment production that was obviously diﬀerent
from that of wild-type (see below for details). Southern-
hybridization analysis of the PstI-digested DNA from wild-
type and six transformants (D4, D10, D11, D12, D13 and
D15) to a CTB4-speciﬁc probe conﬁrmed that gene replace-
ment did take place at the CTB4 locus via double crossing-over
recombination (Fig. 1B). An expected 4.5-kb PstI hybridizing
band was detected from genomic DNA of wild-type. In con-
trast, a 1.6-kb PstI hybridizing band, as a result of the integra-
tion of HYG marker within CTB4 and the presence of an
additional PstI site in HYG, was detected in genomic DNA
of ctb4 disruptants. It appears that transformant D12 also
had a 4.5-kb hybridizing band, co-migrated with that of
wild-type. This is likely due to the presence of dikaryons or
simply due to a mixture of fungal isolates.
Phenotype analysis of cercosporin production by fungal
strains grown on a thin PDA agar plate under light indicated
that the wild-type strain accumulated a red pigment, typical
of cercosporin toxin (Fig. 2A). Cercosporin appears to be con-
densed under fungal colonies. In contrast to the wild-type, ctb4
disruptants produced a dark brown pigment, quickly diﬀused
away from fungal colonies. The brown pigment was produced
only when the disruptants were grown under a high light
condition, and was completely undetectable under low light
or in complete darkness (Fig. 2B). The brown pigment was
extracted from the agar medium of a ctb4 disruptant (exclud-
ing fungal tissues) with 5 N KOH. The KOH-extract was
analyzed by spectrophotometric scanning, revealing no absor-
bance at 480 nm as cercosporin. The nature of the brown pig-
ment presently remains unknown.
Quantiﬁcation of cercosporin after being puriﬁed with 5 N
KOH showed that the ctb4 disruptants reduced overall accu-
mulation of cercosporin, at least by 35%, compared to wild-
type (Fig. 2C). Transformation of a copy of the CTB4 gene
cassette into the ctb4-D4 null mutant fully restored the wild-
type levels of cercosporin production (Fig. 2C) and concomi-
tant disappearance of the diﬀusible brown pigment (data not
shown).
To determine if the calculated values in the KOH crude
extract of ctb4 disruptants were due to interfering brown pig-
ments, cercosporin was puriﬁed from agar plugs bearing fungal
hyphae with ethyl acetate and the extract separated by TLC.
As shown in Fig. 3A, the ctb4 disruptants accumulated signif-icantly fewer cercosporin than wild-type. Reduction of cerco-
sporin accumulation by the ctb4 disruption mutants could be
Fig. 4. (A) Diﬀerential expression of the CTB4 gene and accumulation
of cercosporin by Cercospora nicotianae wild-type grown on potato
dextrose agar (PDA) or complete medium (CM) under continuous
light (LT) or darkness (DK). Cercosporin was extracted with 5 N
KOH and quantiﬁed by absorbance at 480 nm. (B) Northern-blot
analysis of accumulation of the gene transcripts for CTB4, CTB1
(encoding a polyketide synthase), CTB2 (encoding a methyltransfer-
ase), CTB8 (encoding a zinc ﬁnger transcription regulator) in wild-type
(WT) and three putative ctb4 knockouts (D4, D10, D14) of Cercospora
nicotianae. Ethidium bromide-stained rRNA shows the relative load-
ing of the samples.
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tion. To determine if ctb4 disruptants were defective in cerco-
sporin exportation, fungal isolates were grown on a thin PDA
with a layer of cellophane. Cercosporin was extracted indepen-
dently from mycelium and agar medium and analyzed by TLC.
As shown in Fig. 3B, large amounts of cercosporin were de-
tected from fungal hyphae of wild-type and the surrounding
medium, indicative of normal biosynthesis and functional
extrusion of cercosporin. However, no cercosporin was de-
tected from agar medium underneath the colonies of ctb4 dis-
ruptants. Lower amounts of cercosporin were identiﬁed from
the mycelial extracts of ctb4 disruptants. The results indicate
that the ctb4 mutants failed to secret cercosporin due to the
lack of the CTB4 major transporter. Given the fact that small
quantities of cercosporin were recovered only from hyphae, the
biosynthetic pathway apparently remained low levels of pro-
duction in the ctb4 disruptants. Northern-blot hybridization
revealed that expression of the CTB1, CTB2, CTB3 and
CTB8 genes in the biosynthetic pathway appears to be normal
in the ctb4 disruptants (see below for details). However, the
overall eﬃciency of cercosporin production in the ctb4 disrup-
tants was considerably reduced, likely due to a feedback inhi-
bition of biosynthesis. This adjustment by decreasing the
production is considered necessary because cercosporin is toxic
to fungus itself [1–6].
In addition to CTB4, a CFP (cercosporin facilitator protein)
gene encoding a putative 14 TMS MFS transporter has been
shown to be required for cercosporin accumulation in C. kiku-
chii [28]. Disruption of the CFP gene in this fungus resulted in
pleiotropic phenotypes, including a drastic reduction in cerco-
sporin accumulation, markedly decreased fungal virulence to
soybean, and increased susceptibility to exogenous cercosporin
[28]. Overexpression of CFP in C. kikuchii increased cercospo-
rin accumulation in culture [29], whereas transgenic expression
of CFP in a cercosporin-sensitive fungus enhanced cellular
protection against cercosporin [30]. However, the cfp disrup-
tion mutants have not been tested for the loss of ability in
cercosporin exportation. The ctb4 null mutants secreted no
or little cercosporin out of the fungal cells, suggesting that
CTB4 functions as a major transporter of cercosporin in C.
nicotianae.
Cercosporin is extremely toxic to various cells due to the
production of reactive oxygen species. However, Cercospora
fungi have unique mechanisms for self-protection to avoid sui-
cide [3]. Recently, several classes of fungal transporters have
been shown to be responsible for resistance to various drugs,
toxins, and fungicides [16,31,32]. Similar examples have also
been annotated in the toxin-producing phytopathogenic fungi.
For example, the CFP transporter in C. kikuchii is required for
full resistance to cercosporin [28]; TRI12 is an eﬄux pump that
is involved in self-protection against trichothecene in Fusarium
sporotrichioides [14]; TOXA is a putative HC-toxin transporter
that is likely involved in the cellular protection in Cochliobolus
carbonum [33]. To determine if CTB4 plays a role in self-de-
fense against cercosporin and other singlet oxygen-generating
photosensitizers, wild-type and ctb4 disruptants were grown
on media containing exogenous photosensitizing compounds
(cercosporin, eosin Y, hematoporphyrin, methylene blue, rose
bengal, toluidine blue), and incubated under continuous light.
A similar growth between wild-type and ctb4 disruptants was
observed in all compounds tested (data not shown), thus lar-
gely excluding a possible function of CTB4 in cercosporinand singlet oxygen resistance. Moreover, there were no signif-
icant diﬀerences in growth of wild-type and ctb4 disruptants
on medium amended with 10 ppm Kocide 200 (53.8% copper
hydroxide), or 0.1 ppm TopsinM WP (70% thiophanate-
methyl) fungicide (data not shown). Although both CTB4
and CFP encode MFS transporters, they appear to have diﬀer-
ent roles in cercosporin transportation and self defense.
Northern-blot analysis indicated that accumulation of the
CTB4 gene transcript was regulated by light and medium in
parallel with cercosporin accumulation (Fig. 4A). Under light,
accumulation of CTB4 transcript and cercosporin was highest
when the fungus was grown on PDA, and was drastically re-
duced on CM. No cercosporin or CTB4 transcript was de-
tected when C. nicotianae was grown in either media under
complete darkness. Disruption of CTB4 resulted in a complete
loss of the 2.2-kb CTB4 transcript (Fig. 4B), further conﬁrm-
ing that those transformants are ctb4-null mutants. To deter-
mine if disruption of the CTB4 gene would aﬀect expression
of the adjacent biosynthetic genes in the cluster, expression
of the CTB1 (encoding a polyketide synthase), CTB2 (encod-
ing an O-methyltransferase), CTB3 (encoding a fused methyl-
transferase/monooxygenase), and CTB8 (encoding a zinc
ﬁnger transcription activator) genes was assessed among the
ctb4 disruptants. The results indicated that expression of the
CTB1, CTB3 and CTB8 genes in the ctb4 disruptants was
apparently similar to those of wild-type, whereas accumulation
of the CTB2 gene transcript was slightly higher in the disrup-
tants (Fig. 4B). Thus, impairment of the CTB4 gene did not
have negatively discernible eﬀects on the expression of the
cercosporin biosynthetic genes, indicating that the cercosporin
biosynthetic pathway remained in part functional in the ctb4
M. Choquer et al. / FEBS Letters 581 (2007) 489–494 493disruptants. Reduction of cercosporin production in the ctb4
mutants might occur at posttranscriptional or translational
levels.
Cercosporin is the primary virulence determinant of C.
nicotianae on tobacco [10,11]. Resistant tobacco lines have
never been identiﬁed in nature due to general toxicity of cerco-
sporin [2]. Despite the fact that the ctb4 disruptants produced
fewer cercosporin, the ethyl acetate extract from ctb4 disrup-
tants was toxic to tobacco cells in vitro (Fig. 5A). As assayed
at 4 h after incubation, compounds puriﬁed from the ctb4 dis-
ruptants completely killed tobacco cells, not signiﬁcantly dif-
ferent from that of wild-type. However, the ctb4 disruptants
produced smaller and fewer lesions compared to the wild-type
when assayed on detached tobacco leaves (Fig. 5B), supportive
of the important role of cercosporin during fungal pathogene-
sis as previously reported [10,11]. Transformation of a func-
tional copy of CTB4 into a disruptant completely restored
the wild-type levels of lesion formation (data not shown).
In conclusion, the CTB4 gene residing in the cercosporin
biosynthetic gene cluster of the C. nicotianae genome mediates
cercosporin accumulation in culture. The predicted CTB4
polypeptide has 12 transmembrane segments and has similarityMock
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Fig. 5. (A) Killing tobacco suspension cells by the ethyl acetate
extracts obtained from wild-type (WT) and a ctb4 knockout of
Cercospora nicotianae, and acetone control (CK). Tobacco cells were
mixed with the test compounds and incubated at 32 C under
ﬂuorescent light. Cell viability was determined after staining with
0.1% Evan’s blue. Data are the means of three replicates. (B)
Formation of necrotic lesions by wild-type and two ctb4 disruptants
(D10, D11) on detached tobacco leaves cv. Burley 21.to a wide range of fungal transporters belonging to the major
facilitator superfamily (MFS). Although the biochemical func-
tion of CTB4 as a MFS transporter remains to be proven,
molecular and genetic analyses indicate that the translational
product of CTB4, likely functioning as a membrane trans-
porter, is required for cercosporin accumulation in C. nicoti-
anae. Unlike the CFP transporter in C. kikuchii [28], CTB4
did not play any roles in self-protection against the toxicity
of cercosporin.
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